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Comparison of Estrogen PECs generated by PhATE to Measured Estrogen Concentrations in

Drinking Water.

Relatively few studies have analyzed U.S. drinking waters derived from surface water for the
presence of estrogens (no data are available for estriol (E3)) and all report non detects. Boyd et
al. (2003) analyzed drinking water at a plant in Louisiana and another in Ontario and did not
detect estrone (El) or 17B-estradiol (E2) (method detection limits of 0.3 and 0.1 ng/l,
respectively). Jasim et al (2006) also did not detect E1 or E2 (minimum detection limits of 410

and 400 ng/l) in Ontario drinking water. Similarly, McQuillan et al. (2001) did not detect either
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El, E2 or ethinyl estradiol (EE2) (detection limit of 10 ng/l) in finished water from two drinking
water treatment plants in New Mexico. More recently, Benotti et al (2009) also reported non-
detects for E1, E2 and EE2 in 18 finished drinking water samples (detection limits ranging from
0.2 to 1.0 ng/l). These results are consistent with the PECs from PhATE (Table 2 and Figure 1)
in that average mean and low flow PECs are predicted to be less than the detection limit as are
the 90™ percentile PECs for E2 and EE2. The 90" percentile PEC for E1 (3.06 ng/l) is above the
lowest analytical detection limit (Boyd et al. 2003) but that does not indicate an inconsistency
where modeled concentrations exceed measured concentrations. Very few drinking water
treatment plants have been sampled to date and, thus, the upper and lower percentiles of the
drinking water concentration distribution may not be represented in the few available
measurements.

Drinking water data are also available from other continents (Adler et al. 2001; Aherne and
Briggs 1989; Aherne et al. 1985; Brown et al. 2001; Fawell et al. 2001; Kuch and Ballschmiter
2001; Morteani et al. 2006; Rodriguez-Mozaz et al. 2006; Wen et al. 2006). These researchers
also report generally non detectable concentrations at levels that are consistent with the PECs
generated by PhATE (Table 2 and Figure 1), though in some cases, detections exceed the
maximum PECs (EE2 reported by Adler et al. (2001) and Morteani et al. (2006); E2 and EE2
reported by Kuch and Ballschmiter (2001)). This finding does not mean the PECs generated by
PhATE for U.S. drinking waters are low. Rather, they may be indicative of differences in
treatment plant removal of estrogens between countries.

In summary, comparison of drinking water PECs developed by PhATE to the few available

MEC:s from the United States indicates the modeled concentrations are consistent with measured
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concentrations. These findings parallel those of Anderson et al. (2004) and Hannah et al, in
press, for surface water PECs.

Estimating Dietary Exposure

Dietary exposures for a child (ages 1-7) and an adult (ages 16-75) are estimated using
published data for concentrations of endogenous estrogens in major foods (Table SM-1) and
mean body weights and specific ingestion rates for age and gender groups as published by EPA
(U.S. EPA 1997) (Table SM-2). A summary of the estimated dietary intake of endogeneous
estrogens from omnivore diet is presented in Table SM-3.

It should be noted that totals for dietary intake of estrogens are likely biased low because of
missing data for one or more of the estrogens in a particular food or for dietary intake of other
foodstuffs that would contain estrogens but for which concentration data are not available.

Estimating Drinking Water Exposure - Loading of Prescribed Estrogens to POTWs

The mass of prescribed hormone that is excreted and available to enter a POTW is a
function of the daily per capita use less the amount assumed to be metabolized (or lost in transit
from the point of excretion to the POTW). IMS sales data for the 12 months from March 2007 to
February 2008 were used to estimate per capita use of EE2 and the HT and HRT hormones (IMS
2008, Table SM-4).

Estimating Drinking Water Exposure - Human Metabolism of Prescribed Estrogens

Metabolism of prescribed hormones was based upon review of information in the
scientific literature. Johnson and Williams (2004) evaluated the fraction of the EE2 dose
excreted based on measured values in urine and feces. They estimate the fraction of EE2
excreted in feces is 30%, of which 77% is present as EE2 or 23% of the dose; and the fraction

excreted in urine is 27%, including glucoronide and sulfate conjugates. Although Johnson and
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Williams (2004) assumed that sulfate conjugates are not de-conjugated, there is some evidence
of sulfate de-conjugation in both humans and sewer systems. Therefore, this evaluation, assumes
that 50% of the EE2 dose (23% in feces plus 27% in urine) is excreted by patients as EE2 or as
O-glucuronide conjugates subject to de-conjugation in POTWs. Sulfate conjugates (a relatively
small percentage) are also assumed to regenerate to the active ingredient. Metabolism of the
remaining endogenous hormones is summarized in Table SM-4 and is based upon a review of
the literature (Adams et al. 1979; Diisterberg et al. 1985; Friel et al. 2005; Johnson and Williams
2004).

Estimating Drinking Water Exposure - Loading of Endogenous Estrogens to POTWs

Excretion data for endogenous estrogens have been reported from several studies over the last
30 years. Excretion of endogenous estrogens is primarily a function of gender, age and
pregnancy status, although dietary fiber and race are also factors. Urinary and fecal excretion
rate information available in the open literature was summarized for different genders, ages and
pregnancy status and an average excretion rate for each group was calculated. Data reported as
conjugated estrogens was adjusted to reflect the levels of “free” estrogens. U.S. census data
from 2001 were then used to determine the fraction of the U.S. population each of these different
groups represent, and total excretion rates were estimated (Table SM-4).

Summary of POTW removal data for Endogenous and Synthetic Estrogens

Estrogen sulfates or glucuronide conjugates present in urine are readily converted to the active
free estrogens in sewer systems by E. coli bacteria (Andersen et al. 2003; Baronti et al. 2000).
POTW removal data for E1, E2, E3 and EE2 were obtained from peer-reviewed literature
sources. Information obtained from each literature source is summarized below, along with the

median and average reported values (Tables SM-5 through SM-8). The number of facilities
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referenced within each source was taken into account when calculating the average and the
median values. A “Secondary treatment” POTW was defined as a facility with activated sludge
process, while an “advanced secondary treatment” POTW was defined as a facility with
activated sludge process coupled with nutrient removal, fixed bed reactors and/or membrane
bioreactors. Due to limited available data for the advanced secondary treatment of EE2 and E3,
the average and median removal values for both secondary and advanced secondary treatment
were calculated using all available data for secondary and advanced secondary treatment. The
median removal rate was used to estimate drinking water PECs.

Given the absence of information on the removal of estrogens by drinking water treatment
systems, this assessment assumes no removal during drinking water treatment. If estrogens are
removed during drinking water treatment, the drinking water PECs presented in this paper are
overestimates of actual drinking water concentrations.

Summary of In-Stream Removal for Endogenous and Synthetic Estrogens

Available in-stream removal data for endogenous and synthetic estrogens were obtained from
peer-reviewed literature sources. In-stream removal rates employed in this study are
summarized in Table SM-9.

Adjusting Mass-Based Exposures for Differences in Relative Biological Activity

The biological activities of the different estrogens are not equal. To estimate the total
estrogenic activity in a particular food or the diet as a whole, these differences in biological
activity need to be accounted for. Though a long-held belief exists that receptor binding and
potency are related (Korenman 1969), more recent research has shown that the ability of a
compound with estrogenic activity to elicit a response varies greatly from one organ, tissue and

endpoint to another and is not determined solely by receptor binding affinity (Lundeen et al.
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1997; Diamanti-Kandarakis et al. 2009). The other factors that affected the nature and strength
of a compound’s estrogenic activity are related to three general observations (Dey et al. 2000;
Katzenellenbogen and Katzenellenbogen 2002; Komm and Bodine 2001; McDonnell 2000).
First, estrogens can interact with two receptors: the alpha and beta estrogen receptors
(ERa and ER respectively). Individual compounds differ in their ability to bind to the ERa and
ERp receptors. Moreover, the relative concentration of the two receptors varies between organs
and tissues. For example, the prostate epithelium contains only ERf3 while the uterus contains
primarily ERa (Dey et al. 2000). Second, the activity of the receptors (ERa or ERp) after
binding to a particular estrogen varies, leading to a continuum of potential response rather than a
simple “on” response when an estrogen is bound to the receptor and an “off” response when no
estrogen is bound (Dey et al. 2000). Third, coregulator proteins can interact with the estrogen-
receptor complex and modify its activity. These proteins can enhance (coactivators) or suppress
(corepressors) the activity of the estrogen-receptor complex (Katzenellenbogen and
Katzenellenbogen 2002) and can depend upon the nature of the estrogenic compound itself.
Clearly the combination of all of these factors leads to a diverse range of biological responses
following exposure to compounds with estrogenic activity (Diamanti-Kandarakis et al. 2009) and
these findings form the basis for the discovery and continued search for and development of
Selective Endocrine Response Modulators (SERMs) of which tamoxifen is an example.
Nevertheless, it remains clear that large differences in biological activity do exist across the
spectrum of compounds with estrogenic activity. For example, the 2,000 or more ug/day of
phytoestrogens in a typical U.S. diet does not cause the same effect as taking an oral

contraceptive pill containing 35 ug/day of EE2. Using relative differences in ERa or

ERp binding efficiency is a commonly used and accepted, albeit simple and crude, method to
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attempt to account for differences in biological activity of various classes and types of estrogens
and compounds with estrogenic activity in environmental risk assessments.

A review of relative binding activity of the various estrogens reveals some general patterns
across numerous studies (Bovee et al. 2004; Gutendorf and Westendorf 2001; Safford et al.
2003). E1 and E3 have a lower binding efficiency than E2 using either ERa or ER (Table 1).
The relative binding of E1 to ERa or ERJ is similar while the relative binding of E3 is about
four times more efficient for ERP than ERa (Table SM-10). Because the differences in ERa and
ERp binding for endogenous estrogens are relatively small, this analysis uses the ERa relative
binding efficiency to normalize the estrogenic activity of the different estrogens.

The relative receptor binding activity of E2 and EE2 provide an excellent example of the
limitations of simply using receptor binding. Both compounds have similar ERo and ERf
receptor binding efficiencies (Bovee et al. 2004; Gutendorf and Westendorf 2001) yet have very
different biological activity. A dose of 625 ug of conjugated estrogens is considered equivalent
to 5 - 10 ug of ethinyl estradiol (Goodman et al. 1996). The primary reason for the difference is
that a larger fraction of the conjugated estrogens than of ethinyl estradiol is deactivated during
first pass metabolism. This difference between E2 and EE2 is not captured by relative binding
activity. When normalizing estrogen exposures, so as not to underestimate the potential activity
of EE2 and associated MOS, this analysis assumes that EE2 has ten times the biological activity
of E2 (Table SM-10). This is likely an overestimate of EE2’s biological activity. The EE2 OEL
is only three times smaller than the E2 OEL (Johnson & Johnson 2004, 2009). In addition, the
NOAELs for EE2 and E2 from two recent male rodent reproductive system studies are within
two-fold of each other (Howdeshell et al. 2008; Tyl et al. 2008). Both of these lines of evidence

support a relative biological activity adjustment of less than 10 for EE2.
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Table SM-1. Concentration of Endogeneous Estrogens in Foods

Food Consumed 178

Estradiol

ng/g
Cream 0.015
Butter 0.043
Beef 0.015%
Beef fat 0.018°
Milk 0.055
Cheese 0.02°
Eggs 0.11
Chicken meat 0.02
Pork muscle 0.045°
Pork fat 0.04°
Pork liver 0.15°
Olive oil
Ice cream 0.055
Dry curd cottage
cheese 0.011
Nonfat dry milk 0.0013
Breast milk 0.059¢

Average for 4 types

Estrone

ng/g

0.26
1.04
0.012°
0.023°
0.07
0.017°
0.535

0.055°¢
0.04°
0.24°
0.02
0.07

0.037
0.0093
0.124¢

Estriol
ng/g

0.042

0.016

0.016

0.016
0.0013
0.049¢

Reference

Hartmann et al. 1998; Fritsche and Steinhart 1999
Hartmann et al. 1998

Henricks et al. 1983; Tsujioka et al. 1992; USDA 2002
Henricks et al. 1983; Tsujioka et al. 1992
Hartmann et al. 1998; Safford et al. 2003
Hartmann et al. 1998

Hartmann et al. 1998

Hartmann et al. 1998

Fritsche and Steinhart 1999

Fritsche and Steinhart 1999

Fritsche and Steinhart 1999

Hartmann et al. 1998

Hartmann et al. 1998

Hartmann et al. 1998

Hartmann et al. 1998

McGarrigle and Lachelin 1983; Hartmann et al. 1998;
Safford et al. 2003

Weighted average for implant-treated steers and heifers based on USDA livestock slaughter figures

Weighted average for castrated males and females based on USDA slaughter figures
Weighted average over 6 months assuming one week at post-natal level (McGarrigle and Lachelin 1983),

remainder of weeks at whole milk level (Hartmann et al. 1998; Safford et al. 2003).
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Table SM-2. Age-Specific Food Ingestion Rates (g/kgbw-day) used to Calculate Dietary Intake

(kg)

Food Consumed Child (ages 1-7) Adult (Ages 16-75)
Buttermilk *' 0.25 0.059
Half and Half* 0.23 0.054
Cream” 0.12 0.028
Butter® 0.31 0.072
Beef® 1.33 0.71
Milk (total fluid)®' 23.43 3.33
Cheese®! 0.53 0.24
Eggs* 0.64 0.24
Chicken meat" 1.04 0.50
Pork muscle® 0.44 0.22
Pork fat™' 0.51 0.190
Pork liver' 0.0048 0.0048
Rice! 0.69 0.29
Cooking oil* 0.88 0.37
Ice cream® 2.19 0.51
Dry curd cottage cheese® 0.10 0.022
Nonfat dry milk® 0.19 0.04

a

IS - o

—_ o e e

Per capita estimate (g/day) from Table 11-20 of EPA's 1997 Exposure Factors Handbook, adjusted by average
age-specific male/female body weight.

Age-specific per capita estimate from Table 11-3 of EPA's 1997 Exposure Factors Handbook

Age-specific per capita estimate for Total Milk (g/day) from Table 11-12 of EPA's 1997 Exposure Factors
Handbook, adjusted by average male/female body weight.

Age-specific mean intake rate (g/day) from Table 11-12 of EPA's 1997 Exposure Factors Handbook, adjusted by
average male/female body weight.

Age-specific intakes from Table 11-7 of EPA's 1997 Exposure Factors Handbook

Age-specific per capita intake from Table 11-5 of EPA's 1997 Exposure Factors Handbook

Age-specific per capita intake from Table 11-4 of EPA's 1997 Exposure Factors Handbook

Estimated consumption (g dry weight/day) from Table 11-18 of EPA's 1997 Exposure Factors Handbook,
adjusted by average male/female body weight.

Mean per capita estimates from Table 11-9 of EPA's 197 Exposure Factors Handbook

Age-specific per capita intake from Table 12-8 of EPA's 1997 Exposure Factors Handbook

Assumed intake of 1 T/day for 1-6 years and 2 T for >6 years, based on professional judgment.

50th percentile body weight reported in Tables 7-2 and 7-3 of EPA's Exposure Factors Handbook. Average is
average of 50th %ile body weights for males and females. Male 18.1 (child) 78.04 (adult), Female 17.4 (child)
65.76 (adult), Average 17.8 (child) 71.90 (adult)
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401  Table SM-3. Estimated Dietary Intake of Endogeneous Estrogens from Omnivore diet (mg/day)

402 Estrogen Intake

403 (mg/day)

404 Male Female
405  Children (ages 1-7)

406  Total Intake 8.1E-05 8.1E-05
407 Percent of Total

408 Meat 3.1% 3.1%
409  Dairy 87.5% 87.5%
410  Eggs 9.0% 9.0%
411  Vegetables 0.4% 0.4%
412

413  Adults (ages 16-75)

414  Total Intake 6.9E-05 5.8E-05
415 Percent of Total

416  Meat 7.8% 7.8%
417  Dairy 73.5% 73.5%
418  Eggs 17.8% 17.8%
419  Vegetables 0.2% 0.8%
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Table SM-4. Summary of the Mass of Estrogens Excreted in the U.S. and Assumed to be

Discharged to POTWs

Compound

Synthetic Estrogens
Ethinyl estradiol

HRT Estrogens
17p Estradiol ¢
Estrogenic substances,
conjugated ®
Estrogenic substances,
esterified °®
Estropipate
Estriol
Estrone

Volume Sold in U.S.
from 3/07 to 2/08*

(Kg)
82.4
508.6
536.7
93.8
36.4

7.2
1.1

Endogenous Estrogens from the
Diet and Naturally Produced'

Metabolic Loss
(%)

50°
60
80
80
80

0 g
80"

N/A
N/A
N/A

Total Excretion
(Kg/yr)®

41.2

152.6 as Estrone, 50.9 as Estradiol
95.5 as Estrone®20.4 as Estradiol
16.8 as Estrone’

7.3 as Estrone’

7.2
0.2

631
1030
8135

Metabolism and excretion data obtained from Friel et al. 2005. 75% of estradiol from HRT is excreted as
The mass of conjugated and esterified estrogenic substances has not been adjusted to reflect the free estrogen

Metabolism data obtained from Adams et al. (1979). 19% of overall excreted “Estrogenic substances,

conjugated” is excreted as 17 Estradiol, while 81% is excreted as Estrone (Adams et al. 1979). 100% of
Estropipate and “Estrogenic substances, esterified” are assumed to be excreted as estrone.

17 Estradiol N/A
Estrone N/A
Estriol N/A
*  Source: IMS (2008). March 2007 to February 2008 data.
> Volume Sold and metabolic loss data are used to calculate excretion data.
¢ See text
d
estrone, while 25% is excreted as estradiol.
content of the formulation.
f
g
h
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No information on metabolic loss of estriol was found; therefore, no loss is assumed
The metabolic loss of estrone is assumed to be equal to the metabolic loss of “Estrogenic substances, esterified”
Derivation of Total Excretion mass of natural and dietary endogenous estrogens is presented in Table SM-4.
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471

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498

Table SM-5. Summary of Estrone Removal by Waste Water Treatment Plants

Estrone Secondary Treatment

Percent Number of Reference

Removal Facilities

-83.3 1 Carballa et al. 2004
3 1 Lishman et al. 2006
9 1 Baronti et al. 2000
18 1 Baronti et al. 2000
50 1 Lishman et al. 2006
61 6 D’ Ascenzo et al. 2003
64 1 Baronti et al. 2000
69.5 1 Johnson et al. 2000
80 1 Lishman et al. 2006
80.6 1 Servos et al. 2005
82 1 Johnson et al. 2000
82 1 Lishman et al. 2006
83 1 Ternes et al. 1999
83 1 Lishman et al. 2006
84 1 Baronti et al. 2000
86 1 Baronti et al. 2000
94 1 Baronti et al. 2000
95.1 1 Servos et al. 2005
96 1 Johnson et al. 2000
60.1 Mean

66.8 Median

Estrone Advanced Secondary Treatment

Percent
Removal Facilities

-54.8
-45.8
49
72.7
76.7
82.1
854
90
95.1
96
96
96
99
99

— e e ek b e e ek ek b ek ek e e

66.9 Mean

87.7 Median
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Number of

Reference

Servos et al. 2005

Servos et al. 2005

Joss et al. 2004a; Joss et al. 2004b
Servos et al. 2005

Servos et al. 2005

Servos et al. 2005

Servos et al. 2005

Joss et al. 2004a; Joss et al. 2004b
Servos et al. 2005

Ternes et al. 2007

Joss et al. 2004a; Joss et al. 2004b
Joss et al. 2004a; Joss et al. 2004b
Andersen et al. 2003

Joss et al. 2004a; Joss et al. 2004b



499

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

Table SM-6. Summary of 17 Estradiol Removal by Waste Water Treatment Plants

178 Estradiol Secondary Treatment

Percent Number of Reference
Removal Facilities

56 1 Lee et al. 2006

65 1 Carballa et al. 2004
76 1 Baronti et al. 2000
80 1 Lee et al. 2006

84 1 Baronti et al. 2000
84.5 1 Johnson et al. 2000
85 6 D’Ascenzo et al. 2003
88 1 Baronti et al. 2000
89 1 Baronti et al. 2000
92 1 Baronti et al. 2000
92 1 Baronti et al. 2000
96 1 Johnson et al. 2000
96.1 1 Servos et al. 2005
97.1 1 Servos et al. 2005
98 1 Johnson et al. 2000
99.9 1 Ternes et al. 1999
85.9 Mean

85.0 Median

17 Estradiol Advanced Secondary Treatment

Percent Number of Reference
Removal Facilities

39.5 1 Servos et al. 2005

64 1 Ternes et al. 1999

75.9 1 Servos et al. 2005

88 1 Joss et al. 2004a; Joss et al. 2004b
92.7 1 Servos et al. 2005

94.7 1 Servos et al. 2005

95 1 Joss et al. 2004a; Joss et al. 2004b
96 1 Ternes et al. 1999

96.8 1 Servos et al. 2005

97 1 Joss et al. 2004a; Joss et al. 2004b
98 1 Joss et al. 2004a; Joss et al. 2004b
98 1 Joss et al. 2004a; Joss et al. 2004b
98.2 1 Servos et al. 2005

98.3 1 Servos et al. 2005

88.0 Mean

95.5 Median
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524  Table SM-7. Summary of Estriol Removal by Waste Water Treatment Plants

525  Estriol Secondary Treatment

526

527  Percent Numberof Reference
528  Removal Facilities

529

530 80.8 1 Solé et al. 2000
531 81 1 Solé et al. 2000
532 84 1 Baronti et al. 2000
533 94 1 Baronti et al. 2000
534 97 1 Baronti et al. 2000
535 97 6 D’Ascenzo et al. 2003
536 98 1 Baronti et al. 2000
537 99 1 Baronti et al. 2000
538 99 1 Baronti et al. 2000
539 939 Mean

540 97.0 Median
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541

542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

Table SM-8. Summary of Ethinyl Estradiol Removal by Waste Water Treatment Plants

Ethinyl Estradiol Secondary Treatment

Percent

78
&3
84
84.5
85
86
87
87

81
84

Number of Reference Percent
Removal Facilities

1 Ternes et al. 1999 67

1 Baronti et al. 2000 69

1 Baronti et al. 2000 71

1 Johnson et al. 2000 72.5

1 Baronti et al. 2000 75

1 Baronti et al. 2000 82.8

1 Baronti et al. 2000 85

1 Baronti et al. 2000 93
94

Mean of Secondary and Advanced Treatment
Median of Secondary and Advanced Treatment
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Number of
Removal Facilities

S VA G VY

Ethinyl Estradiol Advanced Secondary Treatment

Reference

Ternes et al. 1999

Joss et al. 2004a; Joss et al. 2004b
Joss et al. 2004a; Joss et al. 2004b
Zuehlke et al. 2006

Joss et al. 2004a; Joss et al. 2004b
Zuehlke et al. 2006

Zuehlke et al. 2006

Andersen et al. 2003

Joss et al. 2004a; Joss et al. 2004b



558

559
560
561
562
563
564
565
566
567
568
569
570

Table SM-9. Summary of Instream Removal Summary

Compound Half-Life in
Rivers (days)®

Estrone 23

178 Estradiol 23

Estriol 0.12

Ethinyl estradiol 9.9

Estropipate” 2.3

In-Stream

Decay (1/d)*
0.3

03
5.7
0.07
0.3

Reference

Jirgens et al. 2002; Labadie et al. 2005;

Lin and Reinhard 2005; Williams et al. 2003
Jirgens et al. 2002; Lin and Reinhard 2005
Lin and Reinhard 2005

Jirgens et al. 2002; Lin and Reinhard 2005

In-stream removal PhATE inputs are medians of the range of values reported in the cited literature.

b
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All estropipate values were assumed to be equal to estrone values.
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572
573
574
575
576
577
578
579

581
582

Table SM-10. Relative Binding Efficiency

Compound ERa potency relative ~ ERP potency relative
to Estradiol to Estradiol

178 Estradiol 1 1

Estrone® 0.1035 0.0825

Estriol® 0.0375 0.1325

Ethinyl estradiol” 10 10

a

b

Potency values represent midpoint of values obtained from Gutendorf and Westendorf (2001) and Bovee et al.
(2004).
Ethinyl estradiol was assumed to be 10 times more potent than 17 Estradiol. See text for explanation.
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